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ABSTRACT

A family of four-helix bundle peptides were designed to be amphiphilic, possessing distinct hydrophilic and hydrophobic domains along the
length of the bundle’s exterior. This facilitates their vectorial insertion across a soft interface between polar and nonpolar media. Their design
also now provides for selective incorporation of electron donor and acceptor cofactors within each domain. This allows translation of the
designed intramolecular electron transfer along the bundle axis into a macroscopic charge separation across the interface.

Cofactors confer function to many biological proteins. The first maquettes designed to incorporate prosthetic
Permanently associated cofactors are referred to as prosthetigroups used amphipathic dihelices, which self-assembled in
groups and include metal atoms, flavins, quinones, metal- aqueous solution forming hydrophilic four-helix bundies.
loporphyrins, and so forth. Artificial protein models (or The dihelices were made amphiphilic via attachment of
“maquettes”), based oa-helical bundle structural motifs, hydrocarbon chains to their N-termihiChe alkylated dihe-
can now be designed to incorporate biological cofactors, lices could be vectorially oriented in Langmuir monolayers
based on the “bioinspiration” provided by the known high- at an air-water interface with their helical axes normal to
resolution structures of the cofactor’s local environment the interface at higher surface pressiiréehis vectorial
within the generally much larger soluble protein or membrane orientation could be maintained upon the Langm@lodgett
protein! They can also be designel nao, that is, from deposition of these monolayers onto the nonpolar alkylated
first principles, which is especially important for the incor- surface of a solid inorganic substrétdowever, any vectorial
poration of nonbiological cofactofsThese robust maquettes function exhibited by the peptide’s prosthetic groups, for
are much more simple structurally, relative to the natural example, electron transfer between metalloporphyrin pros-
proteins from which they were derived. The interior of the thetic groups, would necessarily occur only on one side of
artificial protein scaffolding can be used to control the the interface.

position, orientation, and properties of the cofactor within - Recently, we have designed and characterized two related
the peptidé. The exterior of the scaffolding can be used to  foyr-helix bundle maguettes that are amphiphilic; namely,
control the peptide’s supramolecular assembly into suf- they possess distinctly hydrophilic and hydrophobic domains
ficiently ordered nanophase materials. Their macroscopic iong the length of the exterior of the bundle. This facilitates
properties derive at a minimum from the incoherent super- theijr vectorial insertion across a soft interface between polar
position of the designed molecular properties of the en- 59 nonpolar media. The two peptides, designated as APO
semble, with the possibility of generating coherent phenom- 53nq AP1 (i.e., for Amphiphilic Protein n), respectivéi§,

ena. were designed to bind prosthetic groups only within their
hydrophilic domain. Within the hydrophilic domain, each
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Table 1. Primary Amino Acid Sequences of HP1 Maquette and Current AP Maggettes

HP1’ | AccCGGGEIWKQHEEALKKFEEALKQFEELKKL-CONH,

AP0’ | Ac-EIWKLHEEFLKKFEELLKLHEERLKKLLLLALLQLLLALLQLGGC-CONH;

AP1® | Ac-SSDPLVVAASIHIGILHFILWILDRGGNGEIFKQHEEALKKFE-CONH;

AP2 Ac-IIMAIAMVHLLFFFEIWKEFEEALKKFEEALKEFEELKKL-CONH,

AP3" | AccCGGGIIMAIAMVHLLFLFEIWKQFEEALKKFE-CONH,

aColor code same as that in the legend of Figure 1.

Within their hydrophobic domains, based on membrane ion
channels, each helix remained amphipathic, but was designed
to possess nonpolar residues on the exterior of the bundle

and some uncharged polar residues on the interior. Thus, 2 Cyt?Chrome bC1
the design reversed the polar and nonpolar faces of each ; helix D
amphipathic helix at the junction between the hydrophilic _hindi

to the hydrophobic domain along the length of the four-helix 1_ hen?e b'll’ldlng
bundle. site/dihelix

These amphiphilic four-helix bundle maquettes have now
been substantially redesigned to also selectively incorporate
electron donor and acceptor prosthetic groups within their
hydrophobic domains. As in APO and AP1, the new peptides
have hydrophilic domains composed of amphipathic helices.
These were modeled on the amphipathic helix AH o
heptads from the HP1 sequence were incorporated into AP3,
whereas nearly the entire sequence of HP1, almost 4 heptads,
with a couple of substitutions, was incorporated into AP2
(Table 1). Unlike the hydrophobic domain of APO, the
hydrophobic domains of both AP2 and AP3 peptides were
modeled using two heptads of a hydrophobic helix, namely,
cytochromeb’s transmembrane helix D from the cytochrome
bc; complexi© This helix possesses only one polar residue,

a histidine selectively located in the interior of the bundle

to bind metallo-porphyrin prosthetic groups via axial ligation. Ac-lIMAIAM.VHLLFFF.

Thus, in addition to possessing bis-histidylmetalloporphyrin EIWKEFE.EALKKFE.
binding sites at one (AP3) or two (AP2) positions of the EALKEFE ELKKL-CONH2

sequence within the hydrophilic domain, the two new

a_mphlphlllc four-helix pun(_jle .maqgettes also p(?S.Sess.a,b's"Figure 1. Schematic illustration of AP2 (purple, hydrophobic
histidyl metalloporphyrin binding site at one position within  resjdues; blue, positively charged residues; red, negatively charged
their hydrophobic domain. This is a key development toward residues; and yellow, uncharged polar residues). The relatively
creating an artificial electron transfer chain across the hydrophilic but amphipathic HP1 sequence is elongated with two
interface between polar and nonpolar media because binding'ePtads of a more hydrophobic sequence taken from helix D of

. cytochrome bcl complex. The helix D region is almost exclusively
appropriate electron donor and acceptor cofactors at thes%ydrophobic, except for histidine residues providing axial ligating

sites would permit electron transfer along the long axis of gjies from two adjacent helices for cofactor binding. Those histidine

the bundle. Furthermore, the ability of these amphiphilic residues are presumably buried in the core region of the bundle.

bundles to form vectorially oriented ensembles at interfaces Four identical sequences self-assemble to form four-helix bundles

means that the electron-transfer properties of the individual in detergent micelles with a cofactor bound.

molecules can be translated into a macroscopic property of

the interface. sequence of each helix and a structural model of the four-
The results reported here focus primarily on the larger AP2 helix bundle maquette are shown in Figure 1. This model

maguette because the main difference between AP2 and AP3eflects the parallel (or syn) topology that the bundle assumes

is in the length of the hydrophilic domain. The primary at the air/water interface. The particular sequence shown has
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Figure 2. Titration of hemin into a 1.%«M solution of apo-AP2 ‘La‘

recorded in a 1-cm path-length cuvette. (a) Spectra shown containt-
0.20, 0.40, 0.60, 0.80, 1.00, 1.20, 1.40, 1.50, 1.60, 1.70, 1.80, 1.90,  0-27]
2.00, 2.20, 2.40, 2.60, 3.00, 3.40, 4.00, and 4.50 equiv of added
hemin per four-helix bundle. A vertical-line at peak 412 nm 0.0-
indicates the blue shift of the peak with increasing hemin/peptide r . r . . ,
mole ratio, indicative of a contribution of free heme (absorption at 200 2100 0
400 nm) in the solution at larger mole ratios. (b) Heme binding Redox P ial (mV

determined from the absorbance at 412 nm vs [heme]/[four helix edox Potential (mV)
bundle] ratio. The data are fit with a single dissociation constant
of 60 nM, demonstrating that the binding is tighter than 100 nM.

Figure 3. Oxidative (blue circles) and reductive (red squares)
titration of AP2 peptide with two hemes bound per four-helix bundle

only one hisitidine residue at sequence position 9 with measured at room temperature. The red and blue lines represent
least-squares fits to = 1 Nernst equation with midpoint potential

phgnyla!apine replacing. .histidine at sequence po§ition 20. ot “192 and—127 mV, respectively. The sample containedd
This variation of AP2 facilitates the study of prosthetic group ap2 four-helix bundles in 100 mM KCI, 20 mM phosphate buffer,
binding only within the hydrophobic domain of the am- pH 8.0, with 0.9% OG.

phiphilic four-helix bundle.

The primary sequence of AP2 is highdyhelical as shown  AP2 adopts an antiparallel (anti) topology, as would occur
by circular dichroism spectra in both methanol and buffered if the hydrophilic domain adopted the anti topology of the
aqueous solutions containing the detergaertctyl -D- HP1 peptide on which it is based, and the hydrophobic
glucopyranoside (OG), namely, 77% and 71% helix content, domains and associated detergent molecules extended from
respectively (data not shown). The helices of the AP2 either end of the bundle. By comparison, a single heme in a
sequence associate spontaneously to form a three-heliXour-helix bundle of APO has a midpoint potential .46
bundle, or an equilibrium mixture of two-helix and four- mv.”
helix bundles, in their apo form, that is, in the absence of In addition, the binding site in the hydrophobic domain
prosthetic groups, based on sedimentation equilibrium ex- of the AP2 four-helix bundle is capable of binding other
periments indicating the average molecular weight of the prosthetic groups. For instance, AP2 can bind other porphyrin
sedimenting species to be intermediate between the expectednalogues that are much more hydrophobic than heme. One
values for two-helix and four-helix bundles. In the presence example is shown in Figure 4, which demonstrates the
of stoichiometric concentrations of metalloporphyrin pros- binding of a photosynthetic pigment, zinc-bacteriochlorophyll
thetic groups, the helices of the AP2 sequence associate tdZnBChl), to AP2. A nickel-substituted BChl derivative
form four-helix bundles based on the good agreement of their (NiBChl) could also bind to AP2 (not shown) albeit with
expected and experimentally determined molecular weights.lower affinity. These hydrophobic BChl derivatives possess

The affinity of the histidine site in the hydrophobic domain a 20-carbon long hydrocarbon side-cHa# and therefore
of the AP2 bundle in the detergent OG for binding metal- can bind to AP2’s hydrophobic domain but not to the water-
loporphyrins is demonstrated via the titration of the peptide soluble HP1, the template for AP2’s hydrophilic domain, or
with the metalloporphyrin as monitored by optical absorption the amphiphilic APO, with binding sites only in its hydro-
spectroscopy. The case for heme is shown in Figure 2 andphilic domain. For a more detailed description of the
analysis allowing for two such binding sites in the four-helix interaction of these hydrophobic bacteriochlorophyll-based
bundle demonstrates that the dissociation constant is less thagofactors with the amphiphilic AP3 peptide, the reader is
100 nM. The affinity for binding metalloporphyrin to histidyl  referred to another repot. The specificity of the binding
sites within the hydrophobic domain of the AP2 four-helix site in the hydrophobic domain of AP2 for hydrophobic
bundle is comparable, within an order of magnitude, to the bacteriochlorophylls may allow their specific binding in the
results reported for the closely related amphiphilic APO hydrophobic domain of AP2 and metallo-porphyrin within
peptide (e.g.K4's of <50 nM)/’ It is therefore anticipated the (Phe— His substituted) hydrophilic domain.
that substituting His for Phe at position 20 or 27 of AP2  AP2 (and APOQ) are also capable of binding nonbiological
should give AP2 a second binding site in the hydrophilic prosthetic groups possessing much more exteneeléctron
domain with similar binding affinity. Oxidationreduction systems. These can have the advantage of having the electron
titration of the AP2 peptide with two hemes per four-helix donor and the electron acceptor within the same prosthetic
bundle shows that the two hemes titrate homogeneously withgroug* bound to the four-helix bundle via only a single bis-
a single midpoint potentiat, = —125 + 3 mV without histidyl site. An example of such a prosthetic group is shown,
any hysteresis (Figure 3). The lack of interaction between symmetric in this instance, together with its anticipated
the two hemes suggests that when solubilized with detergent,ocation within AP2 in Figure 5; the hydrophobic domain
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Figure 4. Absorbance spectra of ZnBChl in 0.9% OG, 50 mM KPi (solid blue), and titration with apo-AP2 in 4.5% OG, 50 mM KPi
recorded in a 1-cm-path-length cuvette. (a) Spectra shown contain 0.10, 0.20, 0.40, 0.60, 1.00, 1.20, 1.50, 2.00, and 2.50 equiv of added
Zn—BChl per four-helix bundle. The red shift (10 nm) of the peak at 580 nm indicates the axial ligation of ZnBChl by the histidines of
AP211.12(b) ZnBChl binding determined from the absorbance at 590 nm vs [ZnBChl)/[four-helix bundle] ratio. The stoichiometry suggests
saturation occurs within the range of 6.5.0 ZnBChl per four-helix bundle.
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Figure 5. Binding of a distinctly nonbiological cofactor. The % sor
absorption spectrum of the “Zn33Zn” cofactor (inset on right:'-5,5 20| _
bis[(10,20-di-((4-carboxymethyleneoxy)phenyl)porphinato)zinc(ll)]-
butadiyne) solubilized with OG in a phosphate buffer changes as 10 f
the apo-AP2 peptide is added. All features above 400 nm shift to | A .
the red upon peptide binding. The left inset shows a model of the 200 200 600 ano 1000

cofactor-peptide complex. Coordination of only one of the two
Zn-porphyrins at one end of the cofactor within the peptide’s

hydrophobic domain renders the otherwise symmetric chromophore Figure 6. (a) Surface pressurarea isotherms of the pure peptide

asymmetric in the peptide environment. monolayers, apo AP2 (solid) and apo APO (dashed), both spread
from methanol solutionma 1 mMphosphate/10 mM KCI buffer

of the bundle is shown in purple. The red shifts in the rich SUb%hase,( pI;!dE)%.O ag Z’Wt:h (i))zlsgége”gs regorde]g f0rhA||°_2 ti)n ﬂ:ﬁ
H H [ _ apo torm (solid) and wi n n pouna per rour-nelx punaie

3Ii-e((éj?cnallcr:bsopxi/cr:gtmhycl);;heeoz;(;;;h:rtltl)%r(())ruppr;iiﬂic[)()lz(i)ri(()lI)]- (dotted) spread from aqueous solution with 0.45% OG detergent.

. h e " Arrows indicate the compression or expansion of the monolayer.
butadiyne (abbreviated Zn33Zn), upon binding to the peptide
via axial histidyl coordinatioft'” are also shown. The Pressure-area isotherms recorded for Langmuir mono-
vectorial incorporation of this symmetric prosthetic group layers of the pure apo form of the amphiphilic AP2 are
into the amphiphilic four-helix bundle AP2 (or APO) via axial somewhat similar to those of the amphiphilic four-helix
histidyl ligation of only a single Zn atom breaks the bundle maquette APOas shown in Figure 6a. For areas/
symmetry, to create an electronically asymmetric butadiyne- helix below 300 & upon compression, the surface pressure
bridged bis(porphinato)zinc(ll) chromophore. The resulting rises relatively steeply to a limiting value of about 55 mN/m
different redox potentials for the two Zn-porphyrins in the at about 156-200 A? for both apo-AP2 and apo-APO. The
cofactor would thereby provide for light-activated electric relatively high surface pressures achieved at the minimal
charge separation across the interf&dg. area/helix are indicative of AP2’s amphiphilicity, as for APO.

Area (A¥/helix)
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the air above the water surface (Figure 7). This would reduce
a%ﬁ the average area/helix by210 A2 for AP2 as compared
4 with APO at surface pressures belev20 mN/m, assuming
G0} a rise/residue of 1.5 A and-a10 A diameter for am-helix.
1 Comparison of the pressurarea isotherms for apo and holo
Ei 7 seh fic drawi tthe AP2 peptid stent with forms of AP2 are shown in Figure 6b for the case of the
tr:gLiI;?)th.ern;: airg?(l(r:ayr?g\lfllggt?v(i)ty dgta at Ig\?vpsluﬁai%nslrzglurgl(a) Zn33.2n npnbmlomcal cofactor. The 'SOtherm for the holo
and at high surface pressure (b). form is shifted to smaller average areas/helix by as much as
~100 A2 for the lower surface pressures below 20 mN/m.
These minimal areas of about 18200 A?/helix are about  This shift becomes progressively smaller at higher surface
2 times the estimated cross-sectional area of an ideal,pressures, vanishing as the minimum average area/helix is

perfectly straighti-helix oriented with its long axis perpen- approached at 5560 mN/m. This shift in the lower pressure
dicular to the interface. For AP2 and areas/helix above 400 regime may be due to the ability of the cofactor to link two
A2, the surface pressure decays to zero over the range 450

heli togeth i ial histidyl ligati f h Zn-
550 A2, whereas this occurs for APO at 76800 A2. This elices fogether via axial nistidyt figation ot eac 4

porphyrin of Zn33Zn to a different helix, each containing

their entire length, whereas those for AP2 are amphipathic as the helices grient perpgndicular to the interface at h.igher
only over~2/3 of their length, the remainder being exclu- Pressures forming four-helix bundles (see below). In addition,
sively hydrophobic over two heptads (14 residues). This although the isotherms for both apo and holo forms of AP2
hydrophobic portion would not be expected to lie in the plane €xhibit a pronounced hysteresis between compression and
of the interface and low surface pressures, unlike the caseexpansion, successive compression reproduces the features
for amphipathic helices, and would more likely extend into of the first compression, but at somewhat reduced area. This
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Figure 8. Fresnel-normalized X-ray reflectivity data collected from an apo-AP2 monolayer (a) and an AP2 monolayer with one heme/
four-helix bundle (b) at surface pressuras ¢f 10 (O), 20 @), 30 (2), and 55 mN/m ¥). The continuous curves are calculated from the
box-refinement result for the gradient profiles (not shown). (c) The Patterson or autocorrelation function of the monolayer gradient electron
density profile computed from the data in a. (d) Patterson functions computed for a hemo-AP2 monolayer under conditions corresponding
to those indicated in b. (e) The absolute electron density profiles for the apo-AP2 monolayer at each pressure computed by numerical
integration of the gradient profiles from box refinement. (f) The absolute electron density profiles for the hemo-AP2 monolayer.
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suggests that the four-helix bundles formed at the interface

at higher surface pressures are indeed stable oligomeric

forms.

With reference to the isotherms described above, normal-
ized X-ray reflectivity dataR(q,)/R-(q,) for the pure apo-
AP2 peptide monolayer at four different pressures are shown
in Figure 8a-b, the data being qualitatively similar to that
for the holo form with the heme cofactor. At the lowest
pressure of 10 mN/m, the data consist of a single broad
maximum for momentum transfeq, < 0.7 A~L With

. . . e N
increasing surface pressure, the maximum narrows and shiftsa 04

to smallerg, (developing subsidiary maxima/minima at the

highest pressure investigated, near 55 mN/m, corresponding

to 200 A/helix). In Figure 8e-d, the inverse Fourier

transforms of these data for both apo- and heme-AP2 are

shown, which correspond to the autocorrelation of the
gradient electron density profiles of the Langmuir monolayer

at the four surface pressures. The gradient electron density “04[

profiles (not shown) were derived from the normalized
reflectivity data via the box-refinement method, requiring
no a priori assumptions, and Figure -8e shows the
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numerical integrals of these gradient profiles, namely, the Figure 9. Fresnel-normalized X-ray reflectivity data for AP2
monolayers spread from aqueous buffer with 0.48%6ctyl
glucoside in the apo form (a) and with two Zn33Zn cofactors bound
per four-helices (b) at surface pressurey ¢f 10 (O), 20 ), 30

(2), and 55 mN/mY). The continuous curves are calculated from
the apo- and heme-AP2 forms are consistent with the helicesthe box-refinement result for the gradient profiles (not shown). (c,d)
of AP2 self-associating to form dihelices with the long axis The autocorrelation functions computed from the data in a and b,
respectively. (e) The absolute electron density profile structures at
each pressure obtained by numerical integration of the profile
] e - gradients for the apo AP2 monolayer. (f) The absolute electron
the plane of the interface resulting in the electron density density profiles for the monolayer of AP2 with Zn33Zn bound.

electron density profiles of the monolayers of apo- and heme-
AP2 at the four surface pressures. At the lower surface
pressures of 020 mN/m, the electron density profiles for

of each helix remaining parallel to the plane of the interface,
but with the plane of the dihelix rotating to perpendicular to

profile of the monolayer approximately 20 A in thickness,
compared with that of10 A for a single helix, at 20 mN/

m. At a pressure of 30 mN/m, some of the helices are starting
to orient perpendicular to the interface, thereby penetrating
~20 A more deeply into the subphase. Finally, at a surface
pressure of 55 mN/m, the electron density profile of the
monolayer of both apo- and hemo-AP2 extends about 50 A,
being relatively uniform over the-40 to —5 A region of

the profile with the exception of a slight maximum at

—15 A. Considering the nature of the profiles for the
monolayer at the lower pressures below 55 mN/m, this would
be consistent with the long axis of the helices for a major
fraction of the peptide in the monolayer, namely, about 95%,
having become oriented perpendicular to the interface upon
the pressure increase from 10 to 55 mN/m. Thus, the
monolayer electron density profile at55 mN/m is well-

AP2 helices oriented parallel to the monolayer plane, for
example, the monolayer profile a0 mN/m, the weighting

orientation in the monolayer plane. In this incoherent

Figure 10.

=

-40

z (A)

(@) Comparison of the autocorrelation functions

R : " computed from Fresnel-normalized X-ray reflectivity data for
represented quantitatively by the weighted incoherent summonolayers of apo AP2 (dotted) and apo AP3 (solid) spread from
of the electron density profile for the AP2 helices oriented methanol solution and compressedrte= 55 mN/m. The function
perpendicular to the monolayer plane and the profile for the remains nonzero at largerfor the longer AP2 peptide. (b) The
corresponding absolute electron density profiles for these mono-
layers calculated by numerical integration of the profile gradients
from box refinement. The AP2 autocorrelation function and profile
factors given by the fractional areas occupied for each are the same as those shown in Figure 8.

superposition, the minor fraction of helices lying parallel to at z ~ —15 A. Properly accounting for this superposition
the monolayer plane must be positioned in the monolayer results in a profile for the AP2 helices being relatively
uniform over their~50 A length perpendicular to the
between the hydrophilic and hydrophobic domains of the monolayer plane. Overall, each helix of AP2 has 40 residues,
helices lying perpendicular to the interface, namely, centeredwhich provide a length o~60 A for a perfect straight

profile at the air-water interface, namely, at the junction
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Figure 11. Grazing incidence X-ray diffraction (GIXD) from APO peptide monolayers. (a) Contour plot of 2D GIXD collected with a
CCD area detector from a monolayer of apo-APO at high surface pressure. Integration of the region bounded by the red rectapgle along
gives the GIXD as a function af, (b), including background scattering. Integration of similar data from an apo-APO monolayer along the

g, direction (as indicated by the green box), after subtraction of otherwise equivalent GIXD from the pure subphase in the absence of the
peptide monolayer, gives the background corrected GIXD as a functigy @). Model calculations for thg,,-dependence of the in-plane
diffraction from a bundle of four cylinders (d) show good agreement with the corrected data in (c), especially once the experimental
Agyy-resolution is considered.

a-helix at 1.5 A/residue along the long axis. The significant ~ Results similar to those described above were obtained
difference between the observed maximum thickness of theupon comparison of the corresponding monolayer electron
monolayer of~50 A and the calculated length will be density profiles for the apo and holo forms of AP2 with the
addressed later in this section. The interface between thenonbiological Zn33Zn cofactor, as shown in Figure-9a
hydrophobic domain of the peptide and airadl A in these The only small difference with the Zn33Zn cofactor appears
profiles is rather broad for both forms at this high surface to be a somewhat lesser broadening of the interface between
pressure. The interface between the hydrophilic domain of the hydrophilic domain of the peptide and the pure agueous
the peptide and the pure aqueous subphas@atA is more subphase for the holo form (as also evident by comparison
broad for the heme-AP2 than for the apo form (as also of corresponding minimum in the autocorrelation functions
evidenced by the correspondingly more pronounced mini- of their corresponding gradient electron density profiles at
mum in the autocorrelation function at50 A for the apo ~50 A for the apo and holo forms). This may be due to the
form compared with that for the holo form). This small much longer Zn33Zn cofactor extending from its axial
difference may be due to the bis-histidyl coordination of the histidyl ligation within the hydrophobic domain well into
heme cofactor that would be expected to increase the averagéhe core of the hydrophilic domain, thereby better maintain-
area/helix in the plane of the monolayer within the hydro- ing the interhelical ordering at the larger area/helix in the
phobic domain of the peptide upon axial histidyl ligation plane of the monolayer in the presence of the cofactor.
and thereby induce a disordering of the helices with the In Figure 10a-b, we show the monolayer electron density
hydrophilic domain of the peptide where there is no such profiles for the apo forms of AP2 as compared with AP3,
“spacer”. The slightly higher electron density maximum together with the autocorrelation functions of their corre-
centered at~ —15 A representing the small fraction of sponding gradient electron density profiles, at a high surface
helices (~5%) lying in the plane of the interface remains pressure of 55 mN/m. With a large majority of the helices
similar for both apo and heme forms. of each peptide oriented approximately perpendicular to the
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Figure 12. Grazing incidence X-ray diffraction (GIXD) from AP2 peptide monolayers. (a) Contour plot of 2D GIXD collected with a
CCD area detector from a monolayer of apo-AP2 at high surface pressure. Integration of the region bounded by the red rectapgle along
gives the GIXD as a function af, (b), including background scattering. Integration of similar data from an apo-AP2 monolayer along the
g, direction (as indicated by the green box), after subtraction of otherwise equivalent GIXD from a monolayer of the phospholipid DGPC,
gives the background corrected GIXD as a functiomgf(c). Model calculations for they,-dependence of the in-plane diffraction from

a bundle of four cylinders (d, dotted curve) show good agreement with the corrected data in (c), especially once the expkggental
resolution is considered (solid curve).

interface at this high surface pressure, the monolayer electrornamely, about 95%, extend approximately perpendicular to
density profiles over the hydrophobic domair20 A < the air-water interface at higher surface pressures, as
z < 0 A) are identical, as expected based on their amino expected based on their design to form amphiphilic four-
acid sequences. The length of their respective hydrophilic helix bundles. Furthermore, the intercalation of the metal-
domains is seen to differ by-20 A, namely, within loporphyrin (e.g., heme) and Zn33Zn cofactors into the
—50 A < z— 30 A, within the monolayer electron density bundles via axial histidyl ligation does not perturb this
profiles, as also evident in the autocorrelation functions of situation in any substantial way. Overall, each helix of AP2
their respective gradient electron density profiles, which show has 40 residues, which provide a length-e80 A for a
that the helices of AP2 extend20 A further perpendicular  perfect straighti-helix at 1.5 A/residue along the long axis.
to the interface than those of AP3 (namely, the autocorre- The significant difference between the observed maximum
lation function for AP3 becomes zero for correlations over thickness of the monolayer 050 A and the calculated
distances in excess of 45 A in the profile, whereas that for length might be attributed to a uniform tilt of straight
AP2 does so only for correlations over distances in excessao-helices relative to the normal to the plane of the interface
of 65 A). This is entirely consistent with the sequences of of ~33—34°, or the bending of the helices to form a coiled-
their respective hydrophilic domains, which differ by 12 coil, as would be consistent with their design based on the
residues (namely, 12 residues at 1.5 A/residue along the axisheptad repeat (see below). Alternatively, a length-60 A
of an a-helix provides a expected profile length of 18 A). for untilted helices would require that the AP2 sequence be
The comparisons of the monolayer profile structures for only ~83% a-helical, the remainder disordered.
the apo and holo forms of AP2 and AP3 described above Grazing-incidence X-ray diffraction (GIXD) data from
indicate that a large majority of the helices of these peptides, Langmuir monolayers of the amphiphilic peptides apo-APO
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and apo-AP2 at higher surface pressures, where the heliceselatively high affinities. The specificity of the hydrophobic
are oriented approximately perpendicular to the monolayer domain of AP2 for bacteriochlorophylls may allow the
plane, show a broad maximum for momentum transfer specific binding of metal-porphyrins within its hydrophilic
parallel to the monolayer plane gt ~ 27/11 A~1, which domain when a metal-bacteriochlorophyll already occupies
is absent in such data from the aqueous subphase itself andhe binding site in its hydrophobic domain. In addition, the
Langmuir monolayers of phospholipids on its surface; for AP0 and AP2 peptides are capable of binding nonbiological
APOQ, Figure 11a and c and for AP2, Figure 12a and c. This prosthetic groups containing extendeelectron systems via
diffraction arises from the interference between parallel axial histidyl coordination at a single site within their
helices. Thegy-dependence of this GIXD data, and its hydrophilic or hydrophobic domain, respectively. Related
inverse Fourier transform, namely, the in-plane radial auto- prosthetic groups can exhibit electric charge separation over
correlation function, was modeled approximating the helices large distances within the conjugated bis(porphyrin) itself,
as straight rods of uniform electron density ©8—10 A as oriented within the core of the bundle. Approaches with
diameter. For APO, the modeling demonstrates that the either cofactor-to-cofactor electron transfer or intra-prosthetic-
dihelices aggregate to form four-helix bundles, which are group electron transfer permit vectorial light-induced electron
rotationally disordered about the normal to the membrane transfer from the electron donor to the acceptor across the
plane with glasslike interbundle positional ordering in the interface between polar and nonpolar media.

monolayer plane, Figure 9d. Other possible bundles of the

apo-APO dihelices can be readily excluded on this basis Acknowledgment. We thank Andrey Tronin for as-
because their respective GIXD and corresponding radial sistance with data collection, Mike Sullivan for use of the
autocorrelation functions differ qualitatively, well outside the support lab at beamline X9, and Benjamin M. Ocko, Elaine
signal-to-noise level, from their experimental counterparts. DiMasi, and Scott Coburn for technical assistance at beam-

For apo-AP2, the modeling similarly demonstrates that the
single helices aggregate to form four-helix, or possibly
5-helix bundles, Figure 12d. As shown in Figures 11d and
12d, allowing for the finiteAqgy,-resolution provides near
perfect agreement between tiyg-dependence of the calcu-
lated GIXD for a four-helix bundle of-9-A-diameter helices

at a~10-A inter-helix separation in the plane perpendicular
to the bundle long-axis for APO, and ef10-A-diameter
helices at a~12-A inter-helix separation for AP2, and those

measured experimentally (Figures 11c and 12c, respectively).

The g-dependence of the GIXD data for both peptides has
a primary maximum at, = 0 A~ and a weaker secondary
maximum forg, > 0 A~ at g, ~ 0.20-0.25 AL The
absence of any other maximum at larger values,ailes

out the possibility of straight:-helices uniformly tilted by

as much as~33—34°. Instead, the GIXD data can be
analyzed in terms of Crick’s analysis of the Fourier transform
of coiled-coilst®?°consistent with their design based on the
heptad repeat. Assuming that the secondary maximum off
the gy-axis forg, > 0 A1 for both APO and AP2 which
occurs aty, ~ 0.20-0.25 A1 to be the first observable layer
line from a coiled-coil indicates, for a four-helix bundle, that
the pitch of the major helix is~100-125 A with a pitch
angle of~14—17°. This pitch angle would reduce the length
of the helices projected onto the bundle axis normal to the
monolayer plane by only-3 A, namely, from~60 to ~57

A, still substantially longer than the length of50 A
indicated by the electron density profiles. This result further
suggests that the AP2 sequence is not faHyelical, namely,
only ~88% allowing for the~3-A reduction in projected
length of the helices onto the bundle axis because of the
pitch angle of their coiled-coil structure.

In conclusion, we have successfully designed and char-
acterized amphiphilic four-helix bundle peptides that are
capable of binding metalloporphyrin prosthetic groups within
their hydrophilic domains and both metalloporphyrin and
bacteriochlorophylls within their hydrophobic domains with
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